Productive rearrangement of the T-cell receptor (TCR)β
Introduction
T lymphocytes of the T-cell receptor (TCR) α/β lineage develop in the thymus from bone marrow-or fetal liver-derived multi-potential stem cells. Glycoproteins expressed at the cell surface and the rearrangement status of the TCRα and TCRβ gene loci identify distinct stages of thymocyte differentiation (Rodewald and Fehling, 1998) . Early T-cell progenitors (here called pro-T cells) are CD4 -8 -and can be subdivided into four populations according to expression of CD25 [interleukin-2 (IL-2) receptor α-chain] and CD44 (Pgp-1). The presently accepted developmental sequence is CD25 -44 ϩ (pro-T1) → CD25 ϩ 44 ϩ (pro-T2) → CD25 ϩ 44 -(pro-T3) → CD25 -44 -(pro-T4) (Godfrey and Zlotnik, 1993) . Signals through the IL-7 receptor (IL-7R)/γ c , c-Kit (SCF receptor) and Flk2 are essential for cell proliferation and survival during the pro-T1 to pro-T3 stages of development (Rodewald and Fehling, 1998) . Rearrangement of TCRβ genes is initiated during transition from the pro-T2 to the pro-T3 stage (Capone et al., 1998) . A productive rearrangement and expression of a pre-TCR composed of the TCRβ chain, the pTα chain and CD3 signal transducing proteins (Groettrup et al., 1993) results in progression to the pro-T4 and CD4 ϩ 8 ϩ pre-T stages (Rodewald and Fehling, 1998) . Thymocytes that survive the pre-TCR checkpoint proliferate and differentiate to yield the numerically dominant CD4 ϩ 8 ϩ population. Maturation to the pre-T stage coincides with TCRα gene rearrangement (Petrie et al., 1993) , and thymocytes expressing a complete TCRα/β-CD3 complex become subject to immunological selection based on their TCRα/β specificity (von Boehmer, 1994) .
Mutant scid mice and mice lacking either of the recombinase-activating genes, rag-1 or rag-2, are defective in antigen receptor gene rearrangement. These mice do not produce pro-T4 cells, pre-T cells or mature TCRα/β T cells because differentiation is arrested at the pro-T3 stage (Habu et al., 1987; Shores et al., 1990; Mombaerts et al., 1992a; Shinkai et al., 1992) . The pro-T3 cells have a lifespan of~3-4 days and appear to die from a lack of signalling through the pre-TCR (Penit et al., 1995) . A requirement for CD3ε in signal transduction at the pre-TCR checkpoint is demonstrated by the lack of pro-T4, pre-T and mature T cells in CD3ε-deficient mice (Malissen et al., 1995) . Furthermore, ligation of surface-bound CD3ε with cross-linking antibodies is sufficient to trigger pre-T-cell generation in rag-1 -/-, rag-2 -/-, pTα -/-or TCRβ -/-mice (Levelt et al., 1993; Jacobs et al., 1994; Shinkai and Alt, 1994; Fehling et al., 1997) .
The mechanism by which pre-TCR signalling controls survival and proliferation of thymocytes remains unclear. Overexpression of the anti-apoptotic protein Bcl-2 rescues pro-T cells from a lack of IL-7R signalling (Akashi et al., 1997; Maraskovsky et al., 1997) , but it does not promote survival of pre-TCR-deficient pro-T3 cells in scid (Strasser et al., 1994a) or rag-1 -/-mice (Maraskovsky et al., 1997) . Some CD4 ϩ 8 ϩ pre-T cells were observed in scid, rag-1 -/-and rag-2 -/-mice lacking the tumour suppressor p53 (Bogue et al., 1996; Guidos et al., 1996; Jiang et al., 1996; Nacht et al., 1996; Nacht and Jacks, 1998) . There was large variation between individual animals in the number of CD4 ϩ 8 ϩ thymocytes produced and most mice rapidly developed lymphoid malignancy (Nacht et al., 1996) . p53 deficiency also restored normal pre-T-cell content in CD3γ -/-mice (Haks et al., 1999) . A recent report describing CD4 ϩ 8 ϩ pre-T cells and even mature CD3 ϩ 4 ϩ 8 -and CD3 ϩ 4 -8 ϩ thymocytes in scid mice homozygous for the Fas (also called CD95 or APO-1) loss-offunction lpr mutation (Yasutomo et al., 1997) implied that Fas may deliver the death signal to pro-T3 cells that lack a pre-TCR.
Fas belongs to a subgroup of the tumour necrosis factor receptor (TNF-R) family whose members have a cytoplasmic death domain (Ashkenazi and Dixit, 1998) . This domain mediates protein-protein interactions between ligated death receptors and death domain-containing cytoplasmic adaptor proteins such as FADD (also called MORT1) and TRADD (Boldin et al., 1995; Chinnaiyan et al., 1995; Hsu et al., 1995) . Apoptosis is signalled when recruited FADD uses its death effector domain to bind one of the death effector domains in pro-caspase-8 (Boldin et al., 1996; Muzio et al., 1996) . Aggregation of caspase-8 zymogens facilitates their autocatalytic activation and this triggers the proteolytic cascade that leads to apoptosis (Martin et al., 1998; Muzio et al., 1998; Yang et al., 1998) . Some death receptors can also signal activation of Jun kinase and/or the NF-κB family of transcription factors, and in certain settings they promote cell growth and differentiation rather than cell death (Ashkenazi and Dixit, 1998) .
Inhibition of FADD function by gene targeting or by expression of a dominant interfering mutant of FADD (here called FADD-DN) renders T cells resistant to apoptosis induced by Fas ligand (FasL), and surprisingly it also inhibits mitogen-induced T-cell proliferation (Newton et al., 1998; Zhang et al., 1998) . Thus, FADD participates not only in the transduction of an apoptotic signal, but is also essential for transmitting growth and/or survival signals. Here we examine FADD-DN rag-1 -/-and lpr rag-1 -/-mice to determine whether FADD or Fas act at the pre-TCR checkpoint. Our data are consistent with a model in which FADD signals apoptosis in pro-T cells with non-productive TCRβ gene rearrangements and promotes proliferation of pro-T cells expressing a pre-TCR. Evidence that FADD can act as a tumour suppressor is also presented.
Results

Pro-T cells express genes involved in death receptor signalling
To investigate whether death receptor signalling might regulate early T-cell development, we first assayed expression of death receptors in pro-T3, pro-T4 and pre-T cells from wild-type and rag-1 -/-mice ( Figure 1A ). Transcripts for DR3 and DR5 (also called TRAIL-R2 or KILLER) were detected in pro-T3, pro-T4 and pre-T cells, while TNF-R1 transcripts were detected in pro-T3 and pre-T cells. Expression of TNF-R2, which lacks a death domain, was detected only in pro-T3 cells. Consistent with flow cytometric analyses of Fas expression (Nishimura et al., 1995; Ogasawara et al., 1995) , we detected Fas mRNA in pre-T cells but not in pro-T cells. Expression of the ligands for these receptors was also examined. DR3L mRNA was identified in a population enriched for thymic stromal cells, but not in purified pro-T or pre-T cells. A similar result was obtained for FasL, although this mRNA could be detected at low levels in pro-T3 cells. TNFα and TRAIL mRNAs were detected in pro-T3, pro-T4 and pre-T cells, and in the stromal cell-enriched fraction. Transcripts for the cytoplasmic adaptor proteins TRADD and FADD were also detected in pro-T3, pro-T4 and pre-T cells, and FLIP, an inhibitor of death receptor signalling (Irmler et al., 1997) , had a similar pattern of expression. Since death receptors and their cytoplasmic adaptors are expressed in developing T cells, while their ligands are expressed in thymocytes or thymic stromal cells, death receptors are candidates for regulating apoptosis at the pre-TCR checkpoint.
FADD-DN prevents the death of pro-T cells that fail to express TCR chains
The mechanism for eliminating pro-T3 cells that lack a pre-TCR can be studied in rag-deficient mice since all their pro-T cells have this fate. Ablation of the mouse FADD gene results in embryonic lethality at a time that precludes analysis of T-cell development in FADD -/-rag-1 -/-mice (Yeh et al., 1998) . Therefore, we used FADD-DN rag-1 -/-mice to investigate whether death receptors deliver an apoptotic signal to pro-T3 cells lacking a pre-TCR. The identical phenotypes of FADD-DN transgenic T cells and FADD -/-T cells prove that FADD-DN is a specific inhibitor of FADD (Newton et al., 1998; Zhang et al., 1998) . Western blot and flow cytometric analysis confirmed that FADD-DN protein is expressed in pro-T3 cells in both FADD-DN rag-1 ϩ/ϩ and FADD-DN rag-1 -/-mice (Figure 1B and C; data not shown). Thymi from FADD-DN rag-1 -/-, Fas-deficient lpr rag-1 -/-and control rag-1 -/-mice were analysed at 5-13 weeks of age for total cellularity and the presence of the various thymocyte subsets. Contrary to a report describing CD4 ϩ 8 ϩ thymocytes in young lpr scid mice (Yasutomo et al., 1997) , we observed no CD4 ϩ 8 ϩ pre-T cells in lpr rag-1 -/-mice. T-cell development in these animals was arrested at the CD25 ϩ 44 -pro-T3 stage ( Figure 2A and B), and thymus cellularity was comparable to that in rag-1 -/-mice, at 1-3 ϫ 10 6 cells per thymus ( Figure 2C ). In contrast, 10 of 13 FADD-DN rag-1 -/-mice analysed had CD25 -44 -pro-T4 and CD4 ϩ 8 ϩ pre-T cells (Figure 2A and D). The absolute number of CD4 ϩ 8 ϩ cells varied 933 considerably among individual FADD-DN rag-1 -/-mice, ranging from 2.9 ϫ 10 3 to 1.1 ϫ 10 8 ( Figure 2D ). Older mice had the most CD4 ϩ 8 ϩ cells. Total thymocyte numbers in the 5-to 9-week-old FADD-DN rag-1 -/-mice were as low as those in rag-1 -/-littermate controls, and CD4 ϩ 8 ϩ pre-T cells in these animals were similar in size and surface marker expression to pre-T cells from wild-type mice. However, three mice aged between 10 and 13 weeks showed a 10-to 100-fold increase in thymic cellularity ( Figure 2C ). The CD4 ϩ 8 ϩ pre-T cells in these animals were abnormally large, indicating that they might be in the process of neoplastic transformation. CD4 ϩ 8 ϩ 25 -/ϩ thymocytes from one mouse were transplanted into histocompatible recipients, but these cells were not fully transformed because they did not produce tumours.
A productive TCRβ gene rearrangement and expression of a pre-TCR by wild-type pro-T3 cells coincides with their entry into the cell cycle (Hoffman et al., 1996) . Consistent with FADD-DN overcoming the block in T-cell development imposed by rag deficiency, a much greater proportion of FADD-DN rag-1 -/-pro-T3 cells were observed in the S, G 2 and M phases of the cell cycle when compared with rag-1 -/-pro-T3 cells ( Figure 2E ). We conclude from these results that (i) FADD signals apoptosis in pro-T3 cells lacking a pre-TCR and (ii) Fas is not essential for this death.
FADD function is required for CD3ε ligationinduced proliferation of rag-1 -/-pro-T cells
Transition of pro-T3 cells to the pre-T stage of thymocyte development is normally accompanied by 6-10 population doublings (Penit et al., 1995) . Hence~1 ϫ 10 6 pro-T cells typically give rise to~1 ϫ 10 8 CD4 ϩ 8 ϩ pre-T cells. Therefore, it was surprising that most FADD-DN rag-1 -/-animals did not show increased thymus cellularity ( Figure 2C ). The pro-T4 cells that developed spontaneously in FADD-DN rag-1 -/-mice were cycling less than rag-1 ϩ/ϩ pro-T4 cells ( Figure 2E ), suggesting that signals from FADD or the missing pre-TCR were needed for efficient pro-T-cell proliferation. Mature T cells require FADD for mitogen-induced proliferation as well as death receptor-induced apoptosis (Newton et al., 1998; Zhang et al., 1998) , so we examined whether FADD is needed for proliferation at the pre-TCR checkpoint. This was investigated by injecting FADD-DN rag-1 -/-mice with cross-linking anti-CD3ε antibody. Previous studies with rag-1 -/-, rag-2 -/-, pTα -/-and TCRβ -/-mice have shown that this treatment circumvents the need for a pre-TCR and results in proliferation of thymocytes plus differentiation to the CD4 ϩ 8 ϩ pre-T stage (Levelt et al., 1993; Jacobs et al., 1994; Shinkai and Alt, 1994; Fehling et al., 1997) .
One to two weeks after injection with anti-CD3ε antibody, each lpr rag-1 -/-and control rag-1 -/-mouse had a thymus that was similar in size and CD4 ϩ 8 ϩ pre-T-cell content to a wild-type thymus (Figure 3) . At 4 days postinjection their thymi had~2 ϫ 10 7 CD4 ϩ 8 ϩ pre-T cells and at 8 days post-injection the average number of pre-T cells had increased to 9 ϫ 10 7 and pro-T cells accounted for Ͻ8% of thymocytes. Flow cytometric analysis indicated that most of the CD4 ϩ 8 ϩ pre-T cells were small and CD25 -44 -(data not shown). Pre-T-cell production was a specific effect of CD3ε ligation because CD4 ϩ 8 ϩ cells were not observed in rag-1 -/-or lpr rag-1 -/-mice injected with an isotype-matched control antibody. The rapid and synchronous transition from the pro-T3 to the pre-T stage and the accompanying increase in thymus cellularity induced by anti-CD3ε antibody were not observed in FADD-DN rag-1 -/-mice ( Figure 3) . The thymus in FADD-DN rag-1 -/-mice treated with anti-CD3ε antibody resembled that in untreated FADD-DN rag-1 -/-mice (compare Figure 3B and C with Figure 2C and D) or FADD-DN rag-1 -/-mice injected with an isotype-matched control antibody (data not shown). FADD-DN rag-1 -/-mice injected with anti-CD3ε antibody had on average 100-to 1000-fold fewer CD4 ϩ 8 ϩ pre-T cells than similarly treated rag-1 -/-or lpr rag-1 -/-mice ( Figure 3C ). CD3ε mRNA was present at normal levels in FADD-DN rag-1 -/-pro-T cells ( Figure 1A ), so failure of these cells to respond to CD3ε ligation is unlikely to be due to the absence of CD3ε protein at the cell surface. These results are consistent with a critical role for FADD in signalling cell proliferation at the pro-T3 to pre-T-cell transition. Indeed, given the spontaneous development of CD4 ϩ 8 ϩ thymocytes in most untreated or control antibodyinjected FADD-DN rag-1 -/-mice (Figure 2) , the inhibitory effect of FADD-DN on pro-T-and/or pre-T-cell proliferation is probably understated in these experiments. Our results also indicate that Fas is not essential for proliferation and differentiation of thymocytes at the pre-TCR checkpoint.
CD4 ⍣ 8 ⍣ pre-T cells are produced in lpr rag-1 -/-or FADD-DN rag-1 -/-mice exposed to γ-irradiation We also investigated a role for FADD and Fas during transition from the pro-T3 to the pre-T stage of thymocyte development by subjecting FADD-DN rag-1 -/-and lpr rag-1 -/-mice to sublethal γ-irradiation. Like CD3ε ligation, γ-irradiation promotes the production of CD4 ϩ 8 ϩ pre-T cells in mutant scid, rag-1 -/-or rag-2 -/-mice (Danska et al., 1994; Murphy et al., 1994 ; Zúñiga-Pflücker et al., 1994; Guidos et al., 1995) . Both FADD-DN rag-1 -/-and lpr rag-1 -/-mice responded to 5 Gy of γ-irradiation like control rag-1 -/-mice. CD4 ϩ 8 ϩ cells were detected in γ-irradiated mice after 2 weeks and these cells represented 75% of all thymocytes ( Figure 4A ). In contrast to the variation among individual FADD-DN rag-1 -/-mice treated with anti-CD3ε antibody ( Figure 3B and C) , all γ-irradiated FADD-DN rag-1 -/-mice possessed similar numbers of thymocytes and CD4 ϩ 8 ϩ pre-T cells ( Figure 4B and C) . No CD4 ϩ 8 ϩ pre-T cells were detected in rag-1 -/-mice 1 week after γ-irradiation even using a dose of 7.5 Gy (data not shown), indicating that γ-irradiation is less efficient than CD3ε ligation at inducing pre-T-cell production. Consistent with this notion and in agreement with previous observations (Guidos et al., 1995) , γ-irradiation produced less thymocyte proliferation than injection of anti-CD3ε antibody. Mice examined 3 weeks after γ-irradiation displayed only a 2-to 3-fold increase in thymus cellularity ( Figure 4B ). The fact that γ-irradiation promotes pro-T-cell differentiation without significant thymocyte proliferation probably explains why FADD-DN rag-1 -/-mice responded similarly to rag-1 -/-mice. Our interpretation of these results is that FADD is needed for efficient proliferation of cells at the pre-TCR 935 checkpoint but is dispensable for cell differentiation. Fas appears to be dispensable for both processes.
FADD-DN rag-1 -/-mice develop thymic lymphoma
The abnormal size and surface marker profiles of pre-T cells from three older FADD-DN rag-1 -/-mice with very large thymi ( Figure 2C ) prompted us to investigate whether loss of FADD function might be oncogenic. Indeed, all older (Ͼ16 weeks) FADD-DN rag-1 -/-mice, which did not acquire the terminal heart disease that affects some rag-1 -/-mice in our colony, developed thymic lymphoblastic lymphoma that could be transplanted into histocompatible hosts (Figure 5) . Not a single rag-1 -/-, lpr rag-1 -/-, FADD-DN rag-1 ϩ/-or FADD-DN rag-1 ϩ/ϩ mouse developed a tumour during this time ( Figure 5) . Thus, the combination of impaired FADD signalling and rag-1 deficiency was required for neoplastic transformation, and signals from Fas alone could not account for this function of FADD.
In addition to a swollen thymus, tumour-burdened FADD-DN rag-1 -/-mice had pale kidneys and a very large spleen and liver. Histological sections of these organs revealed extensive tumour cell infiltration ( Figure 5D-G) . Flow cytometric analysis showed that the FADD-DN rag-1 -/-tumour cells were CD4 ϩ 8 ϩ 25 -/ϩ 44 -/ϩ , Thy-1 ϩ and TCRα/β -( Figure 5H ), and therefore represented neoplastic counterparts of the pre-T cells that develop spontaneously in these animals ( Figure 2A ). Almost all of the thymomas expressed FADD-DN protein at a level detectable by flow cytometric analysis ( Figure 5H ). Cultured cell lines were established from six of the FADD-DN rag-1 -/-thymomas and they all expressed Fas ( Figure 6D) . Four of the cell lines were highly resistant to apoptosis induced by cross-linked soluble FasL ( Figure 6A ), presumably due to FADD-DN expression. As expected, not all pathways to apoptosis were blocked in the FasL-resistant tumour cells, because they were highly sensitive to dexamethasone and γ-irradiation ( Figure 6B and C). Spontaneous development of CD4 ϩ 8 ϩ thymocytes and lymphoid malignancy has also been observed in p53 -/-rag-1 -/-mice (Nacht and Jacks, 1998) , so the p53 status of the FADD-DN rag-1 -/-tumour cell lines was investigated. Western blot analysis using monoclonal antibodies specific to wild-type p53 revealed that γ-irradiated FADD-DN rag-1 -/-tumour cells contained more p53 protein than untreated cells ( Figure 6E ). Moreover, viable γ-irradiated cells did not accumulate in the G 2 phase of the cell cycle (data not shown) as has been observed for p53-deficient thymic lymphoma cells (Strasser et al., 1994b ). These results demonstrate that the FADD-DN rag-1 -/-tumours retained wild-type p53 function. Overall, these observations show that blocking FADD function can cause lymphoid malignancy.
Discussion
Death receptors have pleiotropic actions and can promote cell death, proliferation or differentiation. Several death receptors are regulators of mature lymphocyte homeostasis. For example, signalling from Fas, most likely through FADD-mediated activation of pro-caspase-8, is responsible for the removal of autoreactive and chronically stimulated effector lymphocytes in peripheral lymphoid organs (Nagata and Golstein, 1995) . The work presented here demonstrates that signalling through FADD is also critical for regulating apoptosis of T-cell progenitors at the pre-TCR checkpoint. Surprisingly, FADD was found to have a second function during thymocyte development, mediating signals required for efficient proliferation during transition from the pro-T3 to the pre-T stage. Expression of FADD-DN in rag-1 -/-mice promoted survival and differentiation of TCR-negative pro-T3 cells (Figure 2 ), but it inhibited proliferation of pro-T3 cells that were stimulated through CD3 (Figure 3 ). In addition, our data reveal that FADD constitutes a barrier against neoplastic transformation ( Figure 5 ).
Regulation of cell death, proliferation and differentiation at the pre-TCR checkpoint
Developing thymocytes are selected on the basis of TCR expression and specificity to generate a functional repertoire of mature T cells. The first round of selection occurs at the pro-T3 stage following rearrangement of the TCRβ chain loci. Most pro-T3 cells that fail to express a functional TCRβ chain do not progress to the pro-T4 stage because they undergo apoptosis (von Boehmer et al., 1999) . The presence of cycling pro-T3 cells and the development of pro-T4 and pre-T cells in FADD-DN rag-1 -/-mice (Figure 2) indicate that FADD transmits the apoptotic signal within the doomed pro-T3 cells. To date, FADD has only been implicated in signalling by death receptors (Ashkenazi and Dixit, 1998) . It is therefore likely that one or several of these receptors deliver the death signal to pro-T3 cells lacking a pre-TCR. Candidate receptors that are expressed in mouse pro-T cells are DR3, DR5 and TNF-R1. Fas is dispensable for this killing, since T-cell development is arrested at the pro-T3 stage in Fas-deficient lpr rag-1 -/-mice (Figure 2 ). This finding is consistent with expression of Fas being restricted to pre-T cells (Figure 1 ; Nishimura et al., 1995; Ogasawara et al., 1995) . Development of pre-T and mature T cells in lpr scid mice (Yasutomo et al., 1997) may have resulted because the scid mutation imposes only a partial block on antigen receptor gene rearrangement (Bosma and Carroll, 1991) .
We speculate that stimulation of death receptors on pro-T cells is achieved by membrane-anchored death ligands on thymic stromal cells. However, death ligands such as TRAIL and TNFα were also expressed by the thymocytes themselves ( Figure 1A) , so autocrine and/or paracrine apoptosis signalling between lymphoid cells is also a possibility. Crossing animals that lack individual death receptors or death ligands with rag-1 -/-mice may identify which receptor initiates the suicide of pro-T cells lacking a pre-TCR. However, pro-T cells express several death receptors, so their role in early T lymphopoiesis might only be revealed by deletion of multiple death receptors, or as we have shown using FADD-DN, by inhibition of a common signal transducer.
Small numbers of pre-T cells in young FADD-DN rag-1 -/-mice may reflect the involvement of additional, FADD-independent pathways to apoptosis. We prefer the idea that FADD-DN rag-1 -/-mice have a small thymus because thymocyte proliferation is impaired. Diminished proliferation of pro-T cells in FADD-DN rag-1 -/-mice injected with anti-CD3ε antibody ( Figure 3 ) and reduced pro-T4 cells in FADD-DN mice (Walsh et al., 1998 ; data not shown) are consistent with a role for FADD in thymocyte production. We think it unlikely that variation between the thymocyte populations in rag-1 -/-and FADD-DN rag-1 -/-mice at the time of injection accounted for their different responses to CD3ε ligation. TCRβ -/-or pTα -/-mice also contain CD4 ϩ 8 ϩ pre-T cells (Mombaerts et al., 1992b; Fehling et al., 1995) , but their pro-T cells can proliferate and differentiate like rag-1 -/-pro-T cells in response to CD3ε ligation (Levelt et al., 1993; Fehling et al., 1997) . Given that pro-T3 cells in FADD rag-1 -/-mice are actively cycling ( Figure 2E ), FADD might be required for sustained proliferation of pro-T and pre-T cells. Chimeric mice generated from rag-1 -/-blastocysts injected with FADD -/-embryonic stem cells have pro-T and pre-T cells at birth, although overall thymic cellularity is reduced, but by 5 weeks of age the mice have virtually no pre-T cells (Zhang et al., 1998) . However, in this system it is impossible to deduce whether the defect in T-cell production is cell autonomous or due to FADD deficiency in the thymic microenvironment.
Death receptors can signal proliferation in certain settings (Ashkenazi and Dixit, 1998 ), so we postulate that death receptors use FADD to regulate proliferation as well as survival of pro-T and pre-T cells. A model of how death receptors and the pre-TCR might interact to determine whether a pro-T cell dies, or alternatively, survives, divides and differentiates is shown in Figure 7 . In this model, pro-T3 cells express death receptors that are engaged continuously by ligands on neighbouring stromal cells or thymocytes. Signals transduced in the absence of a pre-TCR lead to apoptosis. One function of the pre-TCR is to block apoptosis signalling by death receptors, thereby allowing death receptor signalling pathways that contribute to pro-T4 and pre-T-cell production to have an impact. Like mature T-cell proliferation, which requires TCR activation plus co-stimulatory signals, efficient pro-T-cell proliferation may require signals from the pre-TCR and from death receptors. Since pro-T4 and pre-T cells develop spontaneously in FADD-DN rag-1 -/-mice (Figure 2 ), neither FADD nor the pre-TCR appear to be essential for differentiation. Sustained pro-T-cell survival may be sufficient for implementation of the differentiation programme, although pre-TCR-and FADD-independent signals might also be involved.
p53 -/-rag-1 -/-and FADD-DN rag-1 -/-mice have remarkably similar thymi (Nacht and Jacks, 1998) . Mice of both strains show large variation in pre-T-cell numbers (Figure 2) . There are two possible links between p53 and death receptors. p53 might signal apoptosis downstream of death receptors, but this seems unlikely because Fasinduced apoptosis is normal in p53 -/-lymphocytes (Boehme and Lenardo, 1996; O'Connor and Strasser, 1999) . Furthermore, p53-induced cell death can be blocked by Bcl-2 (Strasser et al., 1994b) , which is a poor inhibitor of death receptor-induced apoptosis (Vanhaesebroeck et al., 1993; Strasser et al., 1995) . We prefer the notion that pro-T cells require p53 for expression of a critical death receptor, ligand or signalling molecule. For example, it was reported that DR5 gene expression is induced by p53 (Wu et al., 1999) . The death receptors, ligands and signalling molecules that were expressed in wild-type pro-T cells (Figure 1) were also detected in pro-T cells from p53 -/-mice (data not shown). These results could indicate that p53 regulates expression of a yet to be characterized death receptor or ligand that uses FADD to trigger apoptosis in pre-TCR-deficient pro-T3 cells.
The role of FADD in suppressing tumorigenesis
The spontaneous development of thymic lymphomas in FADD-DN rag-1 -/-mice ( Figure 5 ) underscores the importance of abnormalities in cell death control in neoplasia , and demonstrates for the first time that FADD has a tumour suppressive function. Although Fas deficiency can elicit plasmacytoid tumours, particularly when mice also lack T cells (Peng et al., 1996; Davidson et al., 1998) , the lpr rag-1 -/-mice in our study did not develop tumours ( Figure 5 ). Therefore, Fas is not the only death receptor to suppress tumour development through FADD. Since both rag-1-and FADD-deficiency were necessary for tumorigenesis, there can be co-operation between mutations in cell death control and mutations that inhibit cell differentiation. Inhibition of FADD blocks apoptosis but also inhibits cell production, and in this regard resembles oncogenes that promote as well as inhibit cell growth. For instance, c-myc promotes cell cycle entry but predisposes cells to apoptosis when growth factors are limiting. Another example is bcl-2, which inhibits apoptosis but slows transition between the quiescent and cycling states (Evan and Littlewood, 1998) . FADD therefore represents a tumour suppressor that can have positive and negative effects on cell growth.
Materials and methods
Mice FADD-DN rag-1 -/-and lpr rag-1 -/-mice were obtained by crossing rag-1 -/-mice (Maraskovsky et al., 1997) with lck-FADD-DN strain 64 mice (Newton et al., 1998) or lpr mice (Cohen and Eisenberg, 1993) . All animals had a C57BL/6J genetic background. Genotyping of FADD-DN and lpr mice has been described (Singer and Abbas, 1994; Newton et al., 1998) . rag-1 -/-mice lack B220 ϩ IgM ϩ cells and were identified by flow cytometric analysis of peripheral blood cells stained with anti-IgM and anti-B220 antibodies. Mice at 5-13 weeks of age were injected intraperitoneally with 100 μg of protein G-Sepharose (Pharmacia) purified 145-2C11 hamster anti-mouse CD3ε antibody, or with the isotype-matched control antibody, 3F11 hamster anti-mouse Bcl-2. γ-irradiated mice received a dose of 5 Gy from a 60 Co source. Dispersed cells (1-5 ϫ 10 6 ) from organs suspected of containing tumour cells were transplanted into the peritoneal cavity of C57BL/6J mice. Transplant recipients were killed when unwell or after 6 months.
Immunofluorescence staining and flow cytometry Thymocytes were stained with monoclonal antibodies diluted in 2.4G2 anti-mouse FcγRII hybridoma supernatant plus 1% rat serum. Antibodies RA3-6B2 anti-B220, KT3 anti-CD3, GK1.5 anti-CD4, H129.19 anti-CD4, YTS 169 anti-CD8, 53.6.72 anti-CD8, PC61 anti-CD25, 5.1 antiIgM, 11-26C anti-IgD, T24.31.2 anti-Thy-1, IM781 anti-CD44, 8C5 anti-Gr-1, MI/70 anti-Mac-1 and Ter119 anti-erythroid cell surface marker were purified on protein G-Sepharose and conjugated with Cy5, fluorescein isothiocyanate (FITC) or biotin (Molecular Probes). Surface Fas expression was determined using Jo2 hamster anti-mouse Fas antibody (PharMingen) revealed by FITC-conjugated anti-hamster IgG antibodies (PharMingen). 6C8.28 hamster anti-human Bcl-2 antibody served as an isotype-matched control antibody. A total of 5000-10 000 viable cells [not stained by propidium iodide (PI)] were analysed in a The role of FADD/MORT1 during T-cell development FACScan (Becton Dickinson). Expression of FLAG-tagged FADD-DN protein was determined by cytoplasmic immunofluorescence staining (Newton et al., 1998) .
Cell sorting
Wild-type and FADD-DN pro-T cells were isolated using a depletion step followed by cell sorting. Thymocytes were stained with antibodies to B220, CD3, CD4, CD8, Gr-1, IgM, IgD, Mac-1 and Ter119, and cells expressing these surface markers were removed using magnetic beads coated with anti-rat IgG antibodies (Paesel and Lorei). Depletion was never complete so contaminating cells were identified with R-PEconjugated anti-rat IgG antibodies (Caltag). A separate staining was then performed with FITC-conjugated anti-CD44, Cy5-conjugated anti-Thy-1 and biotinylated anti-CD25 antibody. Rat serum (2%) was included in the antibody cocktail to absorb R-PE-conjugated anti-rat IgG antibodies left over from the previous stain. Biotinylated anti-CD25 antibody was revealed with TRI-COLOR streptavidin. Viable Cy5 ϩ FITC -PE -TRI ϩ pro-T3 and Cy5 ϩ FITC -PE -TRI -pro-T4 cells were sorted in a MoFlo sorter (Cytomation). CD4 ϩ 8 ϩ pre-T cells were sorted after staining with R-PE-conjugated H129.19 anti-CD4 (PharMingen) plus FITC-conjugated anti-CD8 antibodies. rag-1 -/-and FADD-DN rag-1 -/-thymocytes were stained with Cy5-conjugated anti-Thy-1, FITC-conjugated anti-CD4 plus anti-CD8, R-PE-conjugated PC61 anti-CD25 (Caltag) and biotinylated anti-CD44 antibodies. Biotinylated antibody was detected with TRI-COLOR streptavidin. Cy5 ϩ FITC -PE ϩ TRI -pro-T3, Cy5 ϩ FITC -PE -TRIpro-T4 and Cy5 ϩ FITC ϩ PE -TRI -pre-T cells were sorted.
Cell cycle and cell survival analysis
Cells were fixed in 70% ethanol and stained in 38 mM sodium citrate (pH 7.4) that contained 69 μM PI and 5 μg/ml RNase A. A total of 10 000-20 000 cells were analysed in a FACScan and their cell cycle distribution was determined using 'CellFit' Software (Becton Dickinson). Thymoma-derived cell lines were cultured in the high-glucose version of Dulbecco's modified Eagle's medium supplemented with 13 μM folic acid, 250 μM L-asparagine, 50 μM 2-mercaptoethanol and 10% fetal calf serum (Biosciences). Cells were treated with 20 ng/ml soluble FLAG-tagged human FasL (Apotech) cross-linked with 1 μg/ml anti-FLAG monoclonal antibody (Sigma), 1 μM dexamethasone (Sigma) or 2.5 Gy of γ-radiation from a 60 Co source. Cell viability was determined by flow cytometric analysis of PI-stained cells in a FACScan.
cDNA synthesis and RT-PCR Total RNA was isolated from pro-T or pre-T cells using Trizol (Gibco-BRL). To obtain a population enriched for thymic stromal cells, thymocytes were squeezed from the thymus with forceps and RNA was extracted from the shell that remained. RNA samples were treated with DNase I (Boehringer Mannheim) and oligo(dT)-primed first-strand cDNA synthesis was performed using AMV reverse transcriptase (Promega). PCR amplification was performed using the following primers. CD3ε: CTCCTAGCTGTTGGCACTTG; GCTCCTTGTTTTGCCCTCTG; Fas: GCTCACAGTTAAGAGTTCATACTCAAGG; AAGTGGAAT-TAACAAAACAAGGATG; FasL: ATTAGGAATGTATCAGCTCTTCCACC; AGCACTGGTAA-GATTGAATACTGCC; DR3: AGAAGAGGTATGGCCCGTTTTGTT; GAGAGATGGGCAGT-CTGTGGTGAG; DR3L: TACCTTTCTTGGAACAACTAGTCCG; GAAAGAGTCCAA-AGTAGGTTAGGAAGG; DR5: GAGCCTCCAGGACCCAGCACGCC: CCCGTTCACAGCCT-CTTTTTATAC; FADD: CGCGAGCTGAAGGTGTCTG; CTGAGGAAGACACAGTT-GAATC; FLIP: TGTGTAGAGATGTGACTGAGAACCTG; TGGATCTTTGT-GTTCAAGTCTATTCTG; HPRT: GCTGGTGAAAAGGACCTCT; CACAGGACTAGAACAC-CTGC; TNFα: CCTATGTCTCAGCCTCTTCTCATTC; GTTGACTTTCTCC-TGGTATGAGATAGC; TNF-R1: AAGGAACCTACTTGGTGAGTGACTG; GTACTGGAGA-CAGGAGAACTAAAGCC; TNF-R2: CCAATATGTGAAACATTTCTGCAAC; AACAATCAGAC-CAATTGGAAGAGAG; TRADD: CAGGGTGGAGCCATACAGGTAG; GCTAGACTAGTGAG-TTCGTTCTC; TRAIL: TTACTCCAAAATTGGACTAGCTTGC; ACTTGTAGATGT-ACTGCACCAGCTG. Five-fold serial dilutions of each sample were amplified in 20 μl using 939 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min. Reactions contained 200 μM dNTPs, 1.5 mM MgCl 2 , 0.5 μM primers and 1.25 U of Taq polymerase (Boehringer Mannheim). PCR products resolved by agarose gel electrophoresis were transferred to a nitrocellulose filter by Southern blotting and detected with the following 32 P-labelled oligonucleotides. CD3ε: ACGTCTGCTACACACCAGCCTCAA; Fas: CATGGCTCAAGGGTTCCATGTTCACACG; FasL: TGGTTGTTGCAAGACTGACCCCGGAAGT; DR3: TGACCAGAGACAACCACTTTAAGACTGACT; DR3L: AGCCTTAAGATGAGCCCAGGGGAGGGTG; DR5: TATTCTCTGCACAGTCTGTAAGGAAG; FADD: CTTCTCAGCATTCTTCCAGACTTTC; FLIP: CAGACAAAGCAACCGTGGAGGACCACCT; HPRT: GGATACAGGCCAGACTTTGT; TNFα: GTAGTCGGGGCAGCCTTGTCCCTTGAAG; TNF-R1: GGCAACAGCACCGCAGTACCTGAGTCCT; TNF-R2: GATGGCACTTAGAGTTGGGGACTCGGGC; TRADD: CAGACGTTTGCGCGCTCGGTGGGTC; TRAIL: GCCCTTTCCGAGAGGACTCCCAGGATTC.
Western blots
Cell lysates were prepared in RIPA buffer [phosphate-buffered saline (PBS), 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS] containing 2 μM pefabloc, 1 μg/ml aprotinin and 1 μg/ml leupeptin. Proteins resolved by SDS-PAGE were transferred to nitrocellulose membranes by electroblotting and non-specific binding sites were blocked in PBS containing 5% skim milk and 0.1% Tween-20. Membranes were incubated with 1 μg/ml of PAB 296 and PAB 481 anti-wild-type p53 antibodies or N27 anti-HSP70 antibody (ascites fluid diluted 1:10 000). Bound antibody was detected with peroxidase-conjugated, sheep anti-mouse Ig antibodies (Silenus) and ECL reagent (Amersham).
